Adult oligodendrocyte progenitor cells are uniformly distributed in both gray and white matter, displaying robust proliferative and migratory potential during health and disease. Recently, developments in new experimental approaches have brought about several novel insights about NG2-glia and myelinating oligodendrocytes, indicating a diverse toolkit of functions in experience-dependent myelination and homeostasis in the adult CNS. In this review, we summarize some of the topical studies that highlight newly emerging findings implicating oligodendroglia-lineage cells in brain plasticity, homeostasis and pathophysiology of neuropsychiatric disorders. 
Introduction
Oligodendrocyte precursor cells (OPCs), also known as NG2-glia due to their expression of proteoglycan CSPG4 (NG2), have been recently categorized as the fourth glial subtype, distinct from astrocytes, oliogendrocytes (OLs), and microglia in the central nervous system (CNS). NG2-glia give rise to the OLs, the myelinating cells of the CNS, which wrap, insulate, and support the axons to accelerate the conduction velocity of action potentials [1-4].
OLs were first described among the cell types characterized as 'nervenkitt' (nerve glue), and they were considered to be brain connective tissue [5] . This concept prevailed for almost 80 years, ever since Ramó n y Cajal first characterized them as a major cell type [5] . Since then, the participation of OL-lineage cells in modulating the physiological function and plasticity of the brain has been overshadowed in part due to the neuron doctrine, technical limitations and focus on other glial subtypes. As a result of technological advancements in electrophysiology, optogenetics, electron microscopy and genetically modified animal models, research in the last decade has been gradually revealing new and unexpected attributes about both NG2-glia and OLs in the adult CNS. These studies collectively suggest that NG2-glia and OLs might perform crucial functions more diverse than previously recognized, as potentially active participants in information processing.
In this review, we will focus on adaptive OL myelination as a response to neuronal activity and behavior. We will also examine possible mechanistic insights underlying the impact of OL-lineage cells on CNS plasticity and homeostasis, as well as the relationship between OLrelated deficits and neuronal function in neuropsychiatric disorders, such as schizophrenia and stress-related mood disorders.
Oligodendrocytes: beyond developmental myelination and remyelination
While OL turnover and myelination were initially considered as cell-intrinsic phenomena, recent studies demonstrated a more dynamic nature for these processes affected by neuronal activity, learning experiences and environmental conditions. In rodents, axonal myelination in the ventral telencephalon begins from embryonic day 18 (E18) [6, 7] . After the peak of myelination at around the third postnatal week, the rate of myelination declines drastically, with the subventricular zone (SVZ) consisting the major OL source postnatally [8] . However, myelination continues to occur through adulthood suggesting contribution to brain plasticity and remodeling processes [9] . The development of OL and myelination are controlled by a combination of extracellular and intracellular factors, but also data over the last years have evidenced that electrical activity transmitted from actively firing neurons regulates axonal myelination and myelin stability in the postnatal mammalian brain [10] [11] [12] [13] [14] .
The most current hypotheses regarding myelin plasticity revolve around: myelination of developmentally unmyelinated axons, modulation of the thickness of the preexisting myelin sheath and adjustment of nodes of Ranvier [15] . In particular, OLs initially wrap processes around many axons, and only the most electrically active ones are stabilized, suggesting that the active neurons are preferentially myelinated [13] [14] [15] [16] [17] [18] . Notably, a study employing optogenetics in the adult rodent premotor cortex showed that optical stimulation of neuronal activity promoted oligodendrogenesis and increased myelin thickness both in the cortex and subcortical white matter [12, 19 ]. In agreement with the myelin plasticity and remodeling notion, motor training can induce new axonal myelination [20, 21] , suggesting that experiencedependent myelination could endow previously unmyelinated axons with faster conductance kinetics and potentially alter the information processing capacity of a given neuronal network. Indeed, functional brain imaging studies have shown white matter tract alterations after learning complex skills, such as playing the piano [22] and mastering juggling [23] among others [24] . Interestingly, blocking axonal myelination by conditional deletion of myelin regulatory factor (Myrf) impaired OL production in adult mice without affecting pre-existing OLs, and prevented mice from gaining proficiency in the complex wheel task [25 ] . Myrf is first expressed in differentiating OLs under the control of transcription factor Sox10. Once induced by Sox10, they cooperate to jointly activate various downstream genes involved in myelination including those encoding myelin structural proteins [26] [27] [28] . In a follow-up study, the ecto-enzyme Enpp6 was also identified as an encoding marker of newly forming OLs during adult myelination [29 ] . Mechanistically, Enpp6, as a phosphodiesterase, likely has a role in lipid metabolism during myelin formation [30] and might be required to initiate myelination rapidly in response to differentiation-inducing signals. Consequently, it has been shown that conditional deletion of Myrf in NG2-glia prevents the development of new Enpp6 + OLs which leads to impaired learning [29 ] . This very early requirement for adult myelination suggests a direct and active role of OLs in both early and late stages of motor skill learning.
However, the association of OL plasticity with cognition is not specific only to motor skill learning. Physical stimuli in the form of an enriched environment can also affect oligodendrogenesis and myelination. More specifically, long-term wheel running reduced proliferation of NG2-glia and concomitantly increased oligodendrocyte differentiation in the motor cortex of adult mice [31] . Conversely, sensory stimuli deprivation by clipping the whiskers of adult mice compromised the OL differentiation and the survival of NG2-glia [32] . The establishment and maintenance of axonal myelination in the prefrontal cortex circuits is associated with social interactions, as shown by human studies [33] . In this context, new evidence shows that social deprivation affects oligodendrogenesis, not only during the critical periods of CNS myelination, but also in the adult brain: the isolated animals exhibited a reduction in OL maturation and myelin thickness, while the OL morphology was markedly simpler with shorter processes, less branching, and fewer internodes [34, 35] . The signaling mechanisms that mediate myelin formation and plasticity in this system have only recently begun to be understood. One study demonstrated that Neuregulin1-ErbB3 signaling increased axon myelination by enhancing current flow through glutamate receptors in OLs [35] . Another study demonstrated that social deprivation influenced the epigenetic modulation for myelin gene expression [34] . Altogether, current findings point to the idea that myelination is a highly dynamic process sensitive to experience-dependent neuronal activity and that OLs are likely direct participants in learning and neural circuit plasticity in the postnatal and adult CNS (Table 1) .
Interactions between NG2-glia and neurons
After nearly two decades of research, NG2-glia have proved to be a paradoxically unique cell type with distinct cellular properties. They are ubiquitously abundant throughout the CNS (approximately 5% of all cells even in areas with unmyelinated axons [36] ). NG2-glia are highly dynamic cells which continuously survey their local environment with motile filopodia and extended growth cones. They can also migrate short distances within the brain parenchyma [37 ] . Although they represent the most numerous of cycling cell populations in the adult CNS, optimal NG2-glial density and distribution are under tight self-regulation [37 ,38] . Maybe most surprising is the fact that, most, if not all, NG2-glia receive either direct vesicular synaptic input from proximal neurons or detect quantal neurotransmitter release from unmyelinated axons [39] [40] [41] [42] [43] [44] [45] , a property previously thought to be strictly neuronal.
Several studies have demonstrated that the close relationship of NG2-glia with the nodes of Ranvier is a cellular property of these cells to monitor the axonal myelination upon neuronal activity [46, 47, 48 ]. NG2-glia's complex, stellate branches closely associate with neuronal soma and dendrites [39, 49, 50] . Recent work has shown NG2-glia to be specialized integrators of synaptic activity received from individual axons. The number of active synapses is then encoded in a graded fashion towards different functional outcomes [48 ] . The synaptic transmission machinery of unidirectional neuron-to-NG2 glia synapse is remarkably similar to that of the traditional synapse. Similar features include microdomain calcium signaling, defined vesicular transport [42] , synchronous activity and long-term potentiation [46] . Interestingly, these synapses have been shown to disappear as NG2-glia begin to differentiate into myelinating oligodendrocytes in postnatal development [45, 51, 52] , pointing toward a dedicated role for synaptic transmission specifically in NG2-glia (Figure 1 ).
To date, the physiological significance of neuron-NG2-glia synapses remains largely unknown. One hypothesis is that synchronized, global neurotransmitter release from active neurons onto NG2 cells regulates their proliferation, migration and differentiation [53] . In support of this idea, interruption of thalamacortical projections onto primary somatosensory barrel cortex by whisker deflection altered proliferation, differentiation, survival [32] and distribution [54 ] of NG2-glia around the barrels. Recently, inactivation of g2-mediated synapses received from GABAergic neurons on NG2-glia has been shown to cause a progressive loss of the NG2-glia pool without affecting proliferation, differentiation or myelination [55] , indicating a role for these synapses in the tight regulation of NG2-glial cell numbers in the adult CNS. Even less is known about whether and how NG2-glia influence neuronal function. It has been shown that NG2-glia secrete extracellular matrix molecules involved in synapse stabilization [50, 56] and neuromodulatory factors such as Prostaglandin D2 synthase (PTGDS) and neuronal Pentraxin 2 (Nptx2) [57] . Since NG2-glia have been shown to start receiving synaptic contacts around postnatal day five in mice [39,40,58], they might also help guide the formation and refinement of synaptic networks in development [53] .
An interesting point of speculation would be to ask whether distinct subpopulations of NG2-glia exist in the adult CNS, indicative of their hypothesized functional repertoires from myelination to homeostasis. Functionally specialized glial subtypes have long been suspected to exist as a result of adaptations to the needs of a given circuit. For example, functional astrocyte diversity with subpopulations tailored to different CNS regions has long been hypothesized [59] [60] [61] and recently been directly shown to be the case [62] . It is conceivable that a similar heterogeneity could underlie NG2-glia. Lineage tracing studies indicate that approximately half of the resident NG2-glia cells do not give rise to any other cell types [63, 64] . Recently, NG2-glial subpopulations have been described in the mouse hippocampus based on their proliferative [65] and migratory [66] capacities. In addition to the regional differences (i.e. white versus gray matter) in proliferation and fate choices, functionally diverse subpopulations might also exist within the same anatomical region. Could such subpopulations potentially account for either highly proliferative OPC pool as responders to demyelinating insults or the more 'quiescent' pool with homeostatic functions as listeners/ modulators of neuronal networks? Although there is currently little to no evidence to empirically support this idea, future studies employing high-throughput surveys of transcriptomic, proteomic and functional differences within NG2-glia populations could directly address some of these questions.
Genetically targeted cell depletion approaches in the adult CNS have been recently applied to glial cells [67] . The general strategy involves the cell type-specific and inducible expression of Diphtheria Toxin derivatives, a potent inhibitor of protein synthesis [68] . In one study, using NG2-CRE::iDTR and PDGFRa-CRE ERT2 ::iDTR transgenic mice, up to 90% and 40% of NG2-glia respectively were ablated in certain regions of the adult CNS, which compromised AMPA receptor membrane trafficking, spontaneous miniature excitatory currents and GLAST-mediated glutamate uptake by astrocytes [69 ] . Previously, NG2 proteoglycan has been shown to be cleaved by the a-secretase ADAM10 in an activity-dependent fashion to release the ectodomain 45, 51, 127, 128] . Conversely, they influence synaptic activity in neurons by releasing neuromodulatory factors [57, 70 ] . (d) NG2-glia support and regulate blood brain barrier function [130] [131] [132] . (e) NG2-glia coordinate and promote angiogenesis through autocrine activation of canonical Wnt7a/7b signaling [129] . (f) NG2-glia are required for median eminence-mediated leptin sensing and body weight control [75 ] . (g) NG2-glia mediate behavioral responses in stress and sensorimotor gating, possibly through secreted factors [70 ,76,99] . (h) NG2-glia regulate microglia through the hepatocyte growth factor (HGF) for the maintenance of neuronal function and survival [74 ] .
present in the extracellular matrix, where it modulates glutamatergic currents and long-term synaptic plasticity [70 ] . Although a brief microglial response was observed at the acute stages of ablation, some of the usual responses to systemic CNS insults, such as demyelination or gliotic scar formation, were absent. This lack of response may be due to the relatively fast recovery of the NG2-glia population from the non-ablated, highly proliferative 'surviving' population. Four weeks after the ablation, NG2-glia completely repopulated the somatosensory cortex as the cells went through transitionary phases of branch morphology gradually increasing in complexity. The exact nature of what regulates NG2-glia density in homeostasis and responsiveness to their large-scale loss is not clear, although Netrin-1 signaling is proposed to be involved [38] . It is possible that non-cell autonomous signals from neurons, other glial cells, and neighboring NG2-glia harmonize to balance states of proliferation and quiescence during the repopulation phase to eventually reach a consensus density.
One route through which glia likely influence neuronal activity is paracrine release of neuromodulators, akin to what has been shown in astrocytes [71] [72] [73] . Indeed, some of these deficits mentioned above following NG2-glia ablation were shown to be due to the loss of NG2-glia-derived fibroblast growth factor-2 (FGF-2). NG2-glia also support neuronal survival by supplying hepatocyte growth factor (HGF), the loss of which led to inflammation and neurodegeneration in the hippocampus [74 ] . In addition to paracrine routes, genetic and pharmacological ablation of NG2-glia in the median eminence of hypothalamus have shown a contactdependent role of NG2-glia in leptin sensing and body weight regulation: NG2-glia often contact the dendritic processes of arcuate nucleus leptin receptor (LepR) neurons. Both local and global ablation of NG2-glia, but not microglia, led to the degeneration of these LepR dendrites causing an attenuation of electrical responses to leptin by LepR, ultimately resulting in leptin insensitivity and higher body weight in the NG2-glia-ablated mice compared to controls [75 ] . Together, these studies are beginning to unravel novel roles of NG2-glia in modulating neuronal function via contact-dependent and contactindependent mechanisms.
What sets NG2-glia apart from other glial types when it comes to mediating neuronal function? It is becoming increasingly clear that NG2-glia are similar to astrocytes in some neuromodulatory aspects. Yet, it is possible that NG2-glia might not share the rich repertoire of functions astrocytes possess or provide long-term maintenance for neurons, as astrocytes do. Instead, NG2-glia seem to be more tuned to acute changes in their microenvironments, suggested by their responsiveness to the targeted ablation of neighboring NG2-glia and various injury paradigms. Therefore, the select neuromodulatory roles of NG2-glia may not be directed toward long-term maintenance but rather the preservation of key CNS functionalities critical to sustain when faced with environmental insults.
Association of NG2-glia with neuropsychiatric disorders
As the neuromodulatory roles of glia have started emerging, the nature of their contribution to various neuropsychiatric disorders has in parallel come into question. A large body of literature has now identified widespread glial deficits across various mental illnesses, ranging from mood and anxiety disorders to schizophrenia and bipolar disorder [76] . For example, volumetric reduction in brain regions critical to Major Depressive Disorder (MDD) is a persistent finding in early postmortem studies. Early hypotheses to explain this phenomenon included altered neurogenesis in development and reductions in neuronal cell body size. Instead, a reduction in astroctyte number most consistently correlated with regions with reduces volumes [77] . In stress-based rodent models, pervasive astrocytic deficits were widely reported including cell loss [78] [79] [80] [81] and decreased glutamate uptake from the synaptic cleft [82] [83] [84] . Apart from their extensively characterized roles in demyelinating disorders, such as multiple sclerosis and leukodystrophies, OL-lineage cells have been heavily implicated in schizophrenia. In addition to reduced cell densities [85, 86] and compromised white matter integrity [87, 88] within the cortex and subcortical regions in postmortem tissue collected from the schizophrenia patients, a large set of transcriptomic analyses consistently indicated alterations in myelin-related gene expression networks [89] [90] [91] [92] [93] [94] . Social isolation and chronic stress, as key environmental risk factors for schizophrenia [95, 96] , have additionally been shown to irreversibly alter myelination in the PFC of both postnatal and adult mice [34, 35, 97] . Reductions in NG2-glial density in the PFC and hippocampus have also been reported in rodent models of stress [69 ,98,99] . Conversely, increased rates of NG2-glia proliferation were shown in response to voluntary wheel running and environmental enrichment [100] . Additionally, NG2-glia ablation localized to the PFC has been shown to be sufficient in inducing depressive-like behaviors in mice, possibly through compromised glutamatergic systems which have been shown to be altered in MDD and related mood disorders [101] .
What causes glial cell loss following chronic stress in the first place? Several findings point toward the idea that many cellular hallmarks of stress could affect NG2-glia via elevated glucocorticoid secretion due to the overactivation of HPA axis in stress conditions is potentially upstream of glial loss. NG2-glia express glucocorticoid receptors (GRs) throughout various brain regions in the adult CNS [102] and the prolonged glucocorticoid administration reduces their proliferation rates [103] . Proinflammatory cytokines such as IL-6, which is shown to be elevated in CSF of treatment-resistant MDD patients and after chronic stress in mice [104] , reduce their proliferation and play a role in NG2-glia atrophy [105] . Following chronic stress, NG2-glia have been shown to upregulate death receptor 6 expression, a TNFa receptor upstream of JNK and NF-kB pathways [106] . G-coupled protein 17 (GFPR17) expressed by a subset of NG2-glia has also been suggested to act as a molecular sensor to environmental insults [107] and might play a role in stress sensing in the adult CNS. GSK3 is a fundamental signaling hub in oligodendrocytes which integrates various molecular cues toward mediating key processes such as metabolism, inflammation and myelination [108] . Phosphorylation of GSK3b was shown to be altered in chronic social stress [69 ] . Moreover, lithium, a mood stabilizer, has been shown to increase the phosphorylation of serine-9 of GSK3b and enhance the proliferation of NG2-glia [109] (Figure 2 ).
Are there any non-cell autonomous mechanisms that may directly link glial loss and dysfunction to synaptic neurotransmission in disease-relevant circuits? As previously discussed, secreted neurotrophins might be one of the mechanisms that underlie neuromodulation by glia. Either through cell loss or other molecular signaling cascades, the glial output of such factors can be altered in disease states. Astrocyte-derived ATP was shown to be decreased in mice after chronic social stress, when exogenously administered, was sufficient to rescue the depressive-like behaviors [110] . Using the same rodent model of social stress, NG2-secreted FGF2 was shown to be decreased after stress. Additionally, reducing the levels of NG2-derived FGF2 in the PFC of healthy mice was sufficient to induce depressive-live behaviors [69 ] . Treatment with FGF2 has indeed been shown to increase NG2-glial cell proliferation and have anxiolytic effects in stress-based rodent models [111] . NG2-glia also secrete BNDF, a potent neuromodulator of survival and function, in injury [112] and potentially in stress. Given the neuroinflammatory aspects of stress-related disorders [104] , the inflammation-buffering properties of NG2-secreted HGF in the hippocampus are also potentially involved in stressrelated disorders. The ectodomain secretion of NG2 by cleavage of the proteoglycan itself can also be an instrumental mode of paracrine signaling between NG2-glia 98 Glial biology Figure 2 and neurons: mice lacking NG2 proteoglycan show altered neuronal AMPA receptor subunit composition, the impaired LTP which translates to behavioral deficits related to somatosensory cortex function [70 ] (Figure 2 ).
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It is fair to assume that compensatory mechanisms by other cell types would be in place to account for a relatively modest loss in NG2-glia-supplied trophic factors following a chronic stress episode. However, the behavioral deficits following knockdown of NG2-gliaderived FGF2 in the PFC suggest otherwise. Why? It is possible that different cell types display distinct levels of responsiveness to external cues within different time scales, which in turn inform the regulatory hierarchies. Given the highly responsive nature of NG2-glia, neurotrophic regulation could serve as a front against thwarting acute foreign insults such as stress, before the chronic effects progressively take their toll on the rest of the CNS.
Could it also be possible that NG2-glia regulate responsiveness of other cell types in acute stress? Indeed, in animal models of demyelination and CNS injury, several reports demonstrated that NG2-glia cells secrete a variety of pro-inflammatory chemokines and cytokines in pathological conditions that can dampen the glial or neuronal compensation machinery [113, 114] .
In this context, reexamining the neuroglial interface as a druggable target to address circuit defects in various neuropsychiatric disorders represents a novel therapeutic avenue. There is already some evidence pointing toward direct effects of antidepressants on glia [115] . New avenues for targeting glial function can be among the preventative measures for disorders prone to the disruption of bidirectional cross-talk between oligodendroglia and neurons. FGF2 itself is a potent anxiolytic [111] and lossof-function mutations in glial FGF2 signaling could contribute to genetic predisposition to MDD. Disruptions in dopaminergic transmission in MDD could also interfere with their physiology via the expression of D2 and D3 receptors expressed by NG2-glia [116] . In the future, it would be of interest to comprehensively analyze glial differences among patient cohorts defined by certain variables such as classes of antidepressants. For example, the NG2-glia dynamics in response to ketamine, an NMDAR antagonist used toward treatment-resistant MDD [117] , would be of interest given the fast response time of the drug and the fact that NG2-glia express NDMAR [6].
Summary and outlook
Converging lines of evidence now indicate that OLs are involved in influencing efficacy and precision of interneuronal communication throughout life. It is still unclear what the timeline of the OL dysfunction is in relation to the etiology of the disorders. Although glial dysfunction is undoubtedly a hallmark of neuropsychiatric disorders, the evidence that it is causally upstream of neuronal dysfunction during pathogenesis awaits further validation. The studies that support the idea of glia-to-neuron instructions in the developing and adult neuronal networks, especially in NG2-glia, are also in their infancy. The involvement of NG2-glia in information processing is a long-standing idea that is now finding traction with emerging mechanistic insights (Figure 2 ). NG2-glia are well-suited to act as 'first-responders' to stress and therefore might represent one of the earliest indications of an insult. They are highly sensitive to various perturbations within their microenvironments and stress is no exception. A reduced density due to the failure in maintaining precise proliferative signals might result in a putative loss of CNS homeostasis.
The pervasive nature of glial involvement across various disorders suggests that glia-related changes might not be specific to any one neuropsychiatric disorder, and might instead represent a general cellular phenotype recruited in major mental illnesses following adverse life events. This is indeed in line with the most current models that indicate vulnerability to stress-related insults, especially for NG2-glia. Therefore, it is possible that the interplay of developmental timing, genetic background, affected circuitry and extent of the insult might differentially affect neuroglial communication and manifest themselves as clinically distinct phenotypes.
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